T1R receptors are responsible for detecting amino acid and carbohydrate taste stimuli (as well as some other natural and artificial taste stimuli that can elicit umami or sweet taste in humans), although the selectivity of the receptors can vary across vertebrate species. Here, the authors present x-ray crystallographic analyses of Medaka T1r receptor extracellular ligand binding domains in complex with various amino acid ligands. The experimental design and primary analysis appears proper, and the determination of the crystal structures of any T1R domains is an important advance. The fact that the authors were able to examine a number of amino acid ligands is important. However, there are some significant concerns regarding interpretations of the findings here that should be addressed.
1) The authors clearly imply that the results here generalize to the entire T1R family, but provide little evidence to support this conclusion. Specifically, the T1R2/T1R3 hereterodimers in most mammals responsible for sweet taste primarily function in taste as mono-and disaccharide receptors (although glycine and some D-amino acids can activate them and are perceived as sweet tasting). The Medaka T1r2a receptor binds L-amino acids (and glycine), more reminiscent of the mammalian T1R1/T1R3 receptor. Therefore, it premature to say that the results here can be generalized to orthologues, especially the mammalian sweet taste receptor. The authors should tone down their abstract and other text to acknowledge this limitation. Should the authors wish to test this possibility, more extensive molecular modelling of the rodent or human receptors along with ligand docking analyses would be helpful.
2) The authors fail to acknowledge much of the earlier work from a variety of labs that have used various approaches to understand ligand-receptor and heterdimeric interactions in the T1Rs, including work from the Margolskee, Meyerhof and Munger groups. For example, the Margolskee group has used molecular modeling to make predictions about heterodimerization in the T1Rs (2001), has mapped the aspartame binding site in the T1R2 ligand binding domain (2015) , and mapped binding sites for lactisole and cyclamate in T1R3 transmembrane domains (2005; these latter studies were similarly done by the Meyerhof group). Even more relevant to this manuscript, the Munger group used spectroscopic techniques to measure saccharide binding to T1r2 and T1r3 (2005, 2006) where they found that different sugars showed different binding affinities to T1r2 but similar affinities to T1r3. Not only was none of this work cited, but the failure to do so implies a more significant advance in our understanding of the roles of two receptor subunits in ligand interactions than this paper actually is (for example, the fact that T1R3 is unlikely to confer ligand specificity is in no way unexpected, as stated in the abstract). Readers would be well served by having this work placed in the proper context of studies that have come before, especially if the authors wish to make conclusions about receptor family members outside of this one species.
Reviewer #2 (Remarks to the Author) This paper reports a series of five crystal structures for the ligand binding domain (LBD) of a taste receptor GPCR, genetically isolated from the TM region and cys rich domain and expressed as a heterodimer. The structures are solved at sufficient resolution (2.2 -2.6 Å) to reveal ligand, side chain and solvent density in the binding pocket. This is an important advance that for the first time gives molecular insight into how taste receptors are able sense a broad range of ligands. In addition the structures reveal features which underlie assembly of the T1r2a/T1r3 LBD heterodimer assembly. The paper is technically sound and will be of interest to a wide range of biologists, in part due to the novelty and biological significance of the subject. I recommend publication with high enthusiasm after appropriate revision.
Although for the most part the paper is well written, grammar could be substantially improved, and in places the text is awkward and hard to follow. In addition there are contradictory statements in the text which make no sense that add to the difficulty. Also, some of the functional data has puzzling discrepancies which the authors do not fully explain. 1) Page 2 Summary and page 3 paragraphs 1-2: To increase accessibility for the general reader it would be useful explain if T1r receptors are always obligate heterodimers, what subunit combinations are known to exist, and if ligand binding properties are conserved across species. Currently the introduction is confusing for the non expert because while human T1r2/T1r3 senses sweet, and mouse T1r1/T1r3 senses umami, fish T1r2a/T1r3 senses umami not sweet. Also the significance of subtype type a T1r2 (presumably there is another subtype) for ligand selectivity is not explained. The authors also do not do a good job of explaining current ideas about the role of the T1r3 subunit, which is important in light of their finding that it also binds amino acids. The authors analyzed the structural basis of the ligand recognition mechanism in taste receptors. They selected animal species to obtain large amount of recombinant proteins of taste receptors. In addition, they successfully prepared the specific antibody suitable for the preparation of the crystals. They got a series of structures of ligand-bound extracellular domains in taste receptors, but lack of the structure without ligand. They showed the interaction mechanism between receptor and ligand based on the structural and pharmacological results. This is a tough work and provides important information about ligand recognition in class C GPCRs. However, there are major concerns about the inconsistency of the results in the paper.
1. In p. 9, the authors discuss the relevance between the structural characteristics of ligand binding and the pharmacological results of ligand affinity (EC50). This is very important to explain the ligand recognition mechanism. Thus, the authors have to explain how to calculate the deltaG values from the structures and the EC50 values.
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Responses to reviewers' comments
Reviewer #1 (Remarks to the Author):
T1R receptors are responsible for detecting amino acid and carbohydrate taste stimuli (as well as some other natural and artificial taste stimuli that can elicit umami or sweet taste in humans), although the selectivity of the receptors can vary across vertebrate species. Here, the authors present x-ray crystallographic analyses of Medaka T1r receptor extracellular ligand binding domains in complex with various amino acid ligands. The experimental design and primary analysis appears proper, and the determination of the crystal structures of any T1R domains is an important advance.
The fact that the authors were able to examine a number of amino acid ligands is important.
Reply: We thank the reviewer for his/her appreciation of our work.
However, there are some significant concerns regarding interpretations of the findings here that should be addressed.
1) The authors clearly imply that the results here generalize to the entire T1R family, but provide little evidence to support this conclusion. Specifically, the T1R2/T1R3 hereterodimers in most mammals responsible for sweet taste primarily function in taste as mono-and disaccharide receptors (although glycine and some D-amino acids can activate them and are perceived as sweet tasting). The Medaka T1r2a receptor binds L-amino acids (and glycine), more reminiscent of the mammalian T1R1/T1R3 receptor. Therefore, it premature to say that the results here can be generalized to orthologues, especially the mammalian sweet taste receptor. The authors should tone down their abstract and other text to acknowledge this limitation.
Should the authors wish to test this possibility, more extensive molecular modelling of the rodent or human receptors along with ligand docking analyses would be helpful. This paper reports a series of five crystal structures for the ligand binding domain (LBD) of a taste receptor GPCR, genetically isolated from the TM region and cys rich domain and expressed as a heterodimer. The structures are solved at sufficient resolution (2.2 -2.6 Å) to reveal ligand, side chain and solvent density in the binding pocket. This is an important advance that for the first time gives molecular insight into how taste receptors are able sense a broad range of ligands. In addition the structures reveal features which underlie assembly of the T1r2a/T1r3 LBD heterodimer assembly. The paper is technically sound and will be of interest to a wide range of biologists, in part due to the novelty and biological significance of the subject. I recommend publication with high enthusiasm after appropriate revision.
The authors assume too much knowledge from readers who are not experts in the taste receptor field. Some specific examples together with additional issues which should be addressed are set out below.
Although for the most part the paper is well written, grammar could be substantially improved, and in places the text is awkward and hard to follow. In addition there are contradictory statements in the text which make no sense that add to the difficulty. Also, some of the functional data has puzzling discrepancies which the authors do not fully explain.
Reply: The Introduction has been revised to provide more background information. The manuscript has been edited by a scientific English editing service. The other specific points we revised are described in the following point-by-point response section. Reply: The text has been modified appropriately (p.6). We mention the glycosylation observed in the crystal structure in the legend of Figure 1b , and added information about the glycosylation sites in Supplementary Fig. 1 .
The authors analyzed the structural basis of the ligand recognition mechanism in taste receptors. They selected animal species to obtain large amount of recombinant proteins of taste receptors. In addition, they successfully prepared the specific antibody suitable for the preparation of the crystals. They got a series of structures of ligand-bound extracellular domains in taste receptors, but lack of the structure without ligand. They showed the interaction mechanism between receptor and ligand based on the structural and pharmacological results. This is a tough work and provides important information about ligand recognition in class C GPCRs.
However, there are major concerns about the inconsistency of the results in the paper.
Reply: We already had the explanations how to calculate the ΔG values for Figure 3d in the Methods section, in the last sentence of the first paragraph in the "Measurement of the response of T1r2 and T1r3 to ligands" subsection (p. 13) and in the second last sentence of the last paragraph in the "Crystallography" subsection (p. 18). However, for further clarification, we added some more details. Fig. 2c and EDFig. 2b, the overall structures of LBD are almost the same, irrespective of binding amino acids. Thus, the distances between C-terminals of LBDs are quite similar in these structures. However, in Fig. 2b , the maximum values of FRET index are different among amino acids. Especially, the max value of Gly binding is much larger than that of Gln binding. The authors have to explain this inconsistency.
In
Reply: We have added a discussion about the inconsistency between observed T1r structures and FRET changes as a last paragraph in the Discussion section. It is based on the idea that there are multiple conformational states, not just "active" and "inactive", that are variously populated at ligand saturation according to ligand identity. In this model, one presumes that crystallization only traps one of the conformational states.
3. In class C GPCRs, the dimeric ECDs approach to each other, which induces the G protein activation in the transmembrane domains. However, in Fig. 2a Reply: The discussion about the relationship between structural change of ECD and receptor responses has been also added in the last paragraph in the Discussion section.
As we wrote above, we consider that the different max values for FRET may reflect different occupancies of multiple conformational states of T1rLBD. In addition, it should be noted that the dose-response assay for glycine and glutamate by Ca Reply: As explained in the legend for the current Supplementary Fig. 7c , the estimated molecular weight values for the top of the peak of the samples were ~ 240 kDa, while the calculated value for T1r2aLBD-Celurean/T1r3LBD-Venus heterodimer is ~180 kDa. We consider that the 33% discrepancy is acceptable, taking into account that the proteins consist of multiple domains (T1rLBD and the fluorescent protein) and have multiple sugar chains, which would tend to give a larger hydrodynamic radius compared to those for globular proteins.
Minor points
